Decadal to interdecadal timescale variability in the Pacific region, commonly referred to as the Pacific decadal oscillation (PDO), is studied in this research using analytical and numerical models. A coupled analytical model is formulated to analyze the physical mechanism of both the PDO and ENSO. It has the equatorial ␤-plane dynamics of a reduced-gravity model coupled with the wind stress of fixed spatial patterns. The amplitude of the latter is proportional to the sea surface temperature (SST) anomaly in the eastern equatorial Pacific. The SST anomaly is governed by a simple thermal dynamic equation used for ENSO modeling. It is found that when a warm SST is coupled with cyclonic wind stress patterns in the eastern subtropical Pacific, an oscillation with a timescale of around 10-15 yr could be generated. In contrast, when a warm SST is coupled with only a westerly wind stress in the central equatorial Pacific, an ENSO-like oscillation could be generated with a timescale of around 3-5 yr. Thus the present research is potentially relevant to aspects of the PDO and the mechanism of the PDO may be understood as a weakly coupled decadal recharge oscillator similar to the recharge oscillator dynamics of ENSO. The sensitivity of these two kinds of coupled modes to different parameters is tested. Numerical integrations with the reduced-gravity shallow-water model in a rectangular basin and a similar coupled framework confirm the results of the analytical model.
Introduction
The El Niño-Southern Oscillation phenomenon (ENSO) is the strongest signal of interannual variability in the earth climate system. Great progress has been made regarding different aspects of ENSO in the past several decades. In terms of the physical mechanism of ENSO, the consensus reached is that it is the subsurface oceanic dynamics that decide the timescale of ENSO (Neelin et al. 1998 and references therein). The exact formulation of simple models of ENSO might be different, for example, the delayed oscillator Suarez and Schopf 1988; Battisti and Hirst 1989) , or the recharge oscillator (Jin 1997a,b) , but the common feature of these prototype modes is that ENSO is a coupled mode of the tropical Pacific region, and the oceanic dynamics play a major role in determining its timescale. In the recharge oscillator theory, the meridional heat content transport (recharge/discharge) between the equatorial region and the off-equatorial region causes the phase transition of ENSO. The meridional heat content transport itself is caused by the collective effects of the equatorial oceanic waves. The rechargedischarge mechanism could also be understood from the point of view of the free eigenmodes of the equatorial ␤-plane system with zonal boundaries. There are two types of free eigenmodes, ocean basin modes and the very-low-frequency (VLF) modes (Cane and Moore 1981; Neelin and Jin 1993; Jin 2001) , which might be of interest to climate researchers. The ocean basin mode of the lowest frequency has a period 4 times that of the equatorial Kelvin wave to cross the basin. For this mode there is only one node in the zonal direction in thermocline depth along the equator. Other ocean basin modes have higher frequency and more than one node in the zonal direction. In addition to the ocean basin modes, the VLF modes were described in Jin (2001) . These VLF modes are leaky, which means the energies of these modes are not conserved, even without any form of physical damping. The VLF modes have zonally uniform vacillations in the thermocline depth variability in the equatorial region and larger meridional scales in the eastern basin than in the western basin. It was suggested in Jin (2001) that these VLF modes may play an important role in climate variability. The ocean-atmosphere interaction in the tropical region could destabilize some of these modes and generate ENSO variability (Jin and Neelin 1993; van der Vaart et al. 2000) .
In addition to the ENSO phenomenon, there is also climate variability on a decadal to interdecadal timescale in the Pacific basin (e.g., Mantua et al. 1997; Nakamura et al. 1997; Zhang et al. 1997; Chao et al. 2000) . This type of climate variability is commonly referred to as the Pacific decadal oscillation (PDO). Here PDO is used in a general sense to refer to the climate variability in the Pacific region on a decadal to interdecadal timescale and not in a strict sense as defined by Mantua et al. (1997) . The physical mechanism for PDO is a current research topic [for reviews, see Miller and Schneider (2000) and Latif (1998) ]. Different hypotheses were proposed to explain the phenomenon. The ''null hypothesis'' is that PDO is part of the red-noise spectrum of climate variability. With white-noise forcing from the atmosphere, the spectrum of oceanic response becomes red due to the long restoring timescale of the ocean. The idea was first proposed by Hasselmann (1976) and later further developed by Frankignoul et al. (1997) to incorporate the process of ocean gyre circulation adjustment through baroclinic Rossby waves. Their results demonstrate that for the North Atlantic, the stochastic wind stress forcing can explain a substantial part of the decadal variability. Similar ideas were also applied to the Pacific region (Jin 1997c; Saravanan and McWilliams 1997; Neelin and Weng 1999; Weng and Neelin 1999) . The results show that without coupling with the atmosphere, the process of ocean gyre circulation adjustment can only produce a weak decadal peak in the power spectrum. However, the coupling dynamics between the atmosphere and the ocean can produce a much amplified peak on a decadal to interdecadal timescale. The results tend to suggest that the stochastic interaction of the atmosphere and ocean is important at least for part of the spectrum of PDO.
There are different channels of interaction between the tropical Pacific and the midlatitude and subtropical Pacific in both the atmosphere and the ocean. The atmospheric teleconnection and the processes of subduction and ventilation in the ocean are examples of such channels. The mixed layer water subducts into the thermocline in the subtropical gyre circulation. Then the water is transported and pumped up to the surface in the Tropics. Thus the temperature anomaly could be transported from the subtropical to the tropical region. In a simple conceptual model by Gu and Philander (1997) , the transfer of the temperature anomaly from the midlatitudes to the tropical Pacific through subduction was proposed to explain the decadal to interdecadal timescale variability in the Pacific. The period of the oscillation is controlled by the timescale of the subduction and ventilation process. Though the connection of the subtropical and the tropical regions through subduction and ventilation is partly supported by observational analysis (Deser et al. 1996; Liu and Zhang 1999) , the water subducted in the northern subtropical Pacific does not move all the way to the equator (Lu et al. 1998; Schneider et al. 1999) . And whether this subduction process is efficient enough to generate PDO still needs to be substantiated (Nonaka and Xie 2000; Schneider et al. 1999) . Kleeman et al. (1999) reproduced some of the features of the PDO by coupling an intermediate ocean model with an empirical atmospheric model. Instead of the temperature anomaly that is transported from the subtropical to tropical region, the strength change of the shallow, meridional subtropical cell is proposed as the mechanism causing the PDO. To have an oscillatory solution in their model, the coupling in the midlatitude region is required. The numerical experiments by Nonaka et al. (2002) demonstrated that the off-equatorial wind stress contributes as much as the equatorial wind stress to the equatorial SST anomaly on a decadal to interdecadal timescale. The relevant physical mechanism was analyzed in Klinger et al. (2002) by using an intermediate model.
The third type of hypothesis of the PDO is concerned with the atmosphere-ocean interaction in the midlatitude Pacific. Namias (1969) suggested that the atmosphere-ocean interaction in the midlatitude Pacific tends to have a positive feedback on the seasonal timescale. As implied in Palmer and Sun (1985) , this positive feedback could be caused by net heat flux (mainly through wind-evaporation feedback) and Ekman transport. For an initial SST anomaly, there is a wind stress anomaly associated with it. In the midlatitude Pacific, a positive SST anomaly is associated with an easterly wind stress anomaly. So the net heat flux anomaly (reduced evaporation) and Ekman transport anomaly (pointing northward) tend to sustain the original positive SST anomaly. At the same time the wind stress anomaly in the midlatitudes could cause the adjustment of the subtropical gyre circulation, which influences the net meridional heat transport from the subtropical to the midlatitude Pacific. This process could cause a delayed negative feedback for the original SST anomaly in the midlatitude. The idea was first suggested by Latif and Barnett (1994, 1996) in their analysis of the coupled GCM output. This type of hypothesis was further explored in a simplified conceptual model (Jin 1997c ). In the simplified conceptual model the major processes of the midlatitude ocean-atmosphere interaction, such as the subtropical gyre circulation adjustment through Rossby wave propagation, the meridional heat transport by the gyre circulation and the local air-sea interaction, are included. With a reasonable selection of parameters, it could be demonstrated that the conceptual model has a damped eigenmode on a decadal to interdecadal timescale. On the other hand, without ocean-atmosphere in-
FIG. 1. Linear regression coefficient fields of the (top) 1-6-yr bandpass-filtered and (bottom) 6-yr low-pass-filtered SST anomaly in the eastern tropical Pacific (5ЊS-5ЊN, 180Њ-100ЊW) with wind stress and SST. The units for regression coefficient fields for wind stress and SST are dyn cm Ϫ2 ЊC Ϫ1 and ЊC ЊC Ϫ1 , respectively.
teraction in the midlatitude, the eigenmode is more damped. The spectrum only shows a very weak peak on the interdecadal timescale. Therefore the ocean-atmosphere interaction and the subtropical gyre circulation adjustment might play a role in the PDO. The model was further modified to include the interannual variability in the tropical Pacific (Jin et al. 2001) , that is, the ENSO, by coupling the midlatitude conceptual model with a conceptual model for ENSO that was developed earlier (Jin 1997a) . In this simplified conceptual model the timescales of both PDO and ENSO could be reproduced. It is understandable that in this type of simple model, the physical processes included have to be heavily parameterized. The parameters used in the model, though having basis either in the observations or the GCM output, can only be roughly estimated. The observed statistical relationship between the midlatitude SST and wind stress anomaly has been attributed to the atmospheric response to the SST anomaly. However this key assumption has hardly been substantiated with model simulations (e.g., Ting and Peng 1995; Peng and Whitaker 1999; Robinson 2000) . The spatial features of ENSO and PDO have some similarities (e.g., Zhang et al. 1997; Mantua et al. 1997) . Figure 1 shows the linear regression coefficient fields of the wind stress and SST with the 1-6-yr bandpassfiltered and 6-yr low-pass-filtered SST anomalies in the eastern tropical Pacific region (5ЊS-5ЊN, 180Њ-100ЊW). The SST data are from the reconstructed Reynolds SST dataset (Reynolds and Smith 1994) and the wind stress data are from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset (Kalnay et al. 1996) . The data for the Pacific region on a 4Њlat ϫ 6Њlon grid are used. The period analyzed is from 1950 to 1997. On the ENSO timescale ( Fig. 1 top) , the warm SST in the central and eastern equatorial Pacific is associated with the westerly wind stress anomaly in the central equatorial Pacific. The SST anomaly is narrowed down along the equator. On an decadal to interdecadal timescale ( Fig. 1 bottom) , however, the meridional scale of the SST anomaly in the tropical region is wider. The positive SST anomaly in the eastern tropical Pacific is triangular. Besides the SST anomaly center in the central equatorial Pacific, there is a large SST anomaly in the eastern basin along 20ЊN(S). The wind stress anomaly in the northeastern subtropical Pacific is generally in the southwest to northeast direction, which indicates a weakening of the trade winds in the region and shows a cyclonic feature. In the southeastern subtropical Pacific, the wind stress anomaly is from the northwest to the southeast. The feature is symmetric with respect to the equator. The similarity of the wind stress and SST features between ENSO and PDO may indicate that both ENSO and PDO might be generated by similar physical mechanisms. Some researchers propose that the Tropics might be the origin of the PDO (Trenberth and Hurrell 1994; Knutson and Manabe 1998; Yukimoto et al. 2000) .
In Wang et al. (2003, Part I) , the issue of how the equatorial thermocline responds to the off-equatorial wind stress forcing is addressed by using a reducedgravity shallow-water model (SWM) and an analytical model. This issue could be central to understanding the mechanisms of both ENSO and PDO. It was shown that the off-equatorial wind stress could generate a nearly zonally uniform response in the equatorial thermocline. The most effective region for the off-equatorial wind stress forcing to generate an equatorial thermocline response seems to be the eastern tropical and subtropical basin. A broad-scale tropical ocean-atmosphere interaction has the potential to generate a decadal to inter-
decadal timescale oscillation by the recharge-discharge mechanism similar to that responsible for ENSO.
In this companion paper to Wang et al. (2003) , a coupled analytical model is used to demonstrate the possibility that both ENSO and PDO could indeed be generated from similar coupled dynamics through the destabilization of VLF modes. In the model, the equatorial ␤-plane system is coupled with wind stress of fixed spatial patterns with its amplitude proportional to the SST anomaly in the eastern equatorial Pacific. The latter is governed by the SST equation used for ENSO studies (Jin 1997a) . The linear stability of the system is analyzed. The result is further verified using a SWM in a rectangular basin coupled with a wind stress of the same fixed spatial patterns. The paper is organized as follows. Section 2 presents the coupled analytical model we used and the derivation of the dispersion relation of the system. Section 3 gives the solution of the system for two idealized wind stress patterns roughly mimicking those in Fig. 1 . Further sensitivity tests are conducted in section 4 regarding the decadal mode of the coupled system. The results of the coupled analytical model are confirmed in the SWM in section 5. Conclusions and discussion are presented in section 6.
Dispersion relation of the coupled analytic model a. Coupled analytic model
The nondimensional equatorial ␤-plane system with a long-wave approximation is
The change of the thermocline depth anomaly in the eastern equatorial Pacific (x ϭ 1, y ϭ 0) can generate an SST anomaly in the form of
T T dt where ⑀ T is a damping coefficient for the SST anomaly and h(1, 0) is the thermocline depth anomaly in the eastern equatorial Pacific. The above system is coupled with a wind stress of fixed spatial structure:
1 EQ 2 ST where and are the specified equatorial zonal and ). The dimensional unit for temperature is 7.5ЊC. The traditional method for solving the above system is to introduce two new variables,
and to project all the variables in terms of
in which m ϭ 0, 1, 2, . . . , and
The function m (y) is referred to as the Hermite function (Moore and Philander 1977) . It is the conventional Hermite polynomial multiplied by an exponentially decaying term e and a normalization coefficient (
Following the above procedure, we can have in Battisti (1988) . Here we go further to solve the coupled problem. Compared with the first term on the righthand side of (13), the second term, which is associated with meridional wind stress, is smaller by a factor of [2(n ϩ 1)] 1/2 /n or (2/n) 1/2 (without considering the magnitude of the integration part). Similarly, the second term on the right-hand side of (15) is smaller than the first term by a factor of (2/n ϩ 1) 1/2 . Thus for Hermite functions with large n, the influence of the meridional wind stress becomes negligible. The influence of the meridional wind stress on our results will be discussed further in section 5 by numerical integration. In observations, the wind stress anomaly in the tropical and subtropical region is roughly in the zonal direction. If we ignore the meridional wind stress and only consider the symmetric part of q and r, the above coupled system can be described by
and (4) and (5). The boundary condition is Assuming the above system has a solution in the form of e t , for truncation N in the meridional direction we can get the dispersion relation of the system.
The real part of is the growth rate and the imaginary part of is the frequency of the eigensolution. The spatial structure of the eigensolution can be calculated by using (7) and (8).
The above dispersion relation has a straightforward explanation. When 1 and 2 are zero, the third term in the dispersion relation (23) vanishes, and the dispersion relation takes a simple form
which is the form used in Jin (2001) for the discussion of VLF modes. The solution of the simplified dispersion relation without coupling can be written in the form
i i in which j e , j ϭ 1, . . . , N is the jth solution of the
and k ϭ 0, 1, 2 . . . , i is the square root of Ϫ1. When k ϭ 0, j ϭ 1, 2, . . . , N, the relevant modes are VLF modes. The high-frequency part of the eigenspectrum is not the focus of our research, since the spatial scale of these modes is too small (there are k nodes along the equator). The VLF modes are damped in the form of (ln j /4 ϩ ⑀). When 1 and 2 are not zero, the dispersion relation (23) is a quite complicated equation in terms of . New coupled modes emerge through the coupling process.
c. Wind stress used in the model
For simplicity the equatorial wind stress pattern used in our analysis is
The change of eigenvalues with the equatorial coupling coefficient 1 : (top) growth rate, (bottom) angular frequency. Both growth rate and angular frequency are in the units of month Ϫ1 .
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EQ c in which is latitude, c ϭ 10Њ, and A is a nondimensional constant (A ϭ 8) so that when 1 is 1 the dimensional wind stress associated with a 1ЊC SST anomaly is 0.5 dyn cm Ϫ2 . The longitude range of the wind stress is 150ЊE-150ЊW. The idealized wind stress pattern used to roughly mimic the feature of the wind stress pattern in the eastern subtropical Pacific on a decadal timescale (Fig. 1) is
where is longitude and B is a constant so that the dimensional wind stress associated with a 1Њ SST anomaly is 0.5 dyn cm Ϫ2 when 2 is 1. Here, ⌬ ϭ 5Њ and ⌬ ϭ 20Њ are the parameters that describe the size of the wind stress pattern. The standard values of parameters 0 and 0 are 18ЊN and 150ЊW, respectively. As shown in a later section, the above formula is the zonal part of a cyclonic wind stress pattern. The standard values for parameters ⑀ T , T , and ⑀ are 1.0, 1.0, and 0.1, respectively. These values are used in earlier ENSO research (Jin 1997a,b) .
Solution of dispersion relation
The dispersion relation (23) derived in section 2 is a complicated nonlinear equation in terms of the eigenvalue. The focus here is on finding eigenvalues that are relevant for our application and also on the spatial pattern of eigensolutions in a specific growth rate and frequency domain. The solutions that are relevant for the present problem are those that have a low frequency (with a period on interannual and decadal to interdecadal timescales) and large zonal scale. The solutions for specific cases ( 2 ϭ 0, equatorial coupling case; 1 ϭ 0, broad tropical coupling case) are sought first and general solutions ( 1 0, 2 0) are sought afterward.
a. Equatorial coupling case
When 2 ϭ 0 and 1 0, the dispersion relation (23) is greatly simplified. The positive temperature anomaly in the eastern equatorial Pacific is associated with a westerly wind stress anomaly along the central equatorial region. The transformation of the free VLF modes with respect to increasing coupling coefficient 1 is shown in Fig. 2 . Here the meridional truncation N is taken as 100. The top panel of Fig. 2 shows the growth rate and the bottom panel shows the angular frequency. In discussions hereafter, the word frequency is used in certain places to replace the phrase angular frequency and its meaning is clear from the context. Without coupling, all the free modes are damped, with a growth rate of around Ϫ0.05 month Ϫ1 (or a damping timescale of 20 months). The damping is partly caused by the physical damping in the system (⑀ terms) and partly caused by the leaky nature of the VLF modes.
With very weak coupling ( 1 ϭ 0.05), the decay rates of all modes are reduced to around Ϫ0.025 month Ϫ1 (or a damping timescale of around 40 months). If the coupling coefficient 1 is further increased to 0.4, among all the modes of the system, there is one mode that is selected in such a way that its growth rate increases significantly with the increase of the coupling coefficient. The other modes, which are not selected by the coupling process, have roughly the same damping rates that do not change very much with the coupling after the coupling coefficient is greater than 0.1. The mode selected by the coupling is the result of the merger of several modes. As the coupling coefficient increases, the frequency of the sole leading coupled mode is reduced. At the same time its growth rate increases. When the growth rate is positive, the mode becomes a selfexcited oscillatory mode and has a period of about 2-5 yr. When its growth rate is zero, the angular frequency of the selected mode is roughly 0.22 in nondimensional unit, which corresponds to a period of 2.4 yr. It should be noted here that for a finite-amplitude oscillation its period could not be decided entirely by the linear dynamics of the analytic model. The nonlinearity also plays a role in determining the periods (Münnich et al. 1991; Jin 1997b ). When 1 is larger than 0.85, the frequency of the leading mode is zero and the mode is not an oscillatory mode anymore. The parameter range beyond 1 ϭ 0.85 is not our interest since the coupling is unrealistically too strong. The general features of Fig.  2 are qualitatively consistent with those in Cane et al. (1990) , Jin and Neelin (1993) , Jin (1997a) , and van der Vaart et al. (2000) . The subtle differences could be explained by the exact formulation used. What is clear here is that the interannual mode is connected to the VLF modes of the tropical ocean dynamics. It was suggested by Jin (2001) that the VLF modes can be understood as free recharge oscillation, and that the physics of the coupled mode can be understood as the coupled recharge oscillator.
The spatial feature of the thermocline depth anomaly of the mode is shown in Fig. 3 for four different times of a half period (0, P/8, P/4, 3P/8, P is the period). The general features are quite similar to those in Neelin et al. (1998) in which a Zebiak-Cane-type model is used. The wind stress and SST in the eastern equatorial region change in the form of cosine with time. At the beginning of the oscillation (Fig. 3a) the eastern equatorial Pacific has a deeper thermocline and warm SST. Associated with the positive SST anomaly there is a westerly wind stress anomaly between 150ЊE and 150ЊW. With the wind stress forcing at the equator there is a thermocline depth anomaly gradient. North (south) of the equator the positive (negative) wind stress curl will generate a negative thermocline depth anomaly and the negative thermocline depth anomaly will propagate westward (Figs. 3a,b) . In our analysis of the equatorial thermocline response to off-equatorial wind stress forcing (Part I), it is demonstrated that the physical mechanism of the equatorial thermocline response to the wind stress forcing is the heat content transport between the equatorial region and the off-equatorial region. The same is true here. The positive (negative) wind stress curl forcing north (south) of the equator can cause a heat content transport away from the equatorial region. Thus, the equatorial region is discharged. As time goes on, the discharge will eventually generate a negative thermocline depth anomaly along the equator (Fig. 3c) . The spatial feature of the thermocline depth anomaly bears a similarity to that of the free mode (Fig. 3 in Jin 2001) , especially in the transitional phase of the SST. Therefore the coupling clearly selects a group of VLF modes and modifies their spatial features and coalesces them into a fully coupled recharge oscillator. Another way to analyze the evolution of the equatorial thermocline is to separate the response into different components of equatorial Kelvin and Rossby waves, as was done in Battisti (1988) . Here the collective effect of the waves is emphasized instead of an individual wave component.
b. Broad tropical coupling case
In another extreme situation, 1 ϭ 0 and 2 0, the coupling is between the SST and the wind stress in the tropical to subtropical region. 2. Among all of the free modes the coupling selects one mode with a frequency of around 0.05 month Ϫ1 (period 10.5 yr). With the increase of the coupling coefficient, the growth rate increases steadily. At the same time the frequency decreases just slightly. When 2 is greater than 0.85, the growth rate is slightly positive. The change of the solution from one oscillatory mode to two nonoscillatory modes does not occur when 2 is between 0 and 1. Clearly, the decadal-scale variability can be generated by the coupled process.
The spatial features of the mode (Fig. 5) show the thermocline depth anomaly propagation in the subtropical region and its decisive role in the phase transition of the oscillation. The wind stress and SST still change in cosine form with time. For a wind stress pattern described by (5), the associated wind stress curl north of the equator has a triple-center structure: a positive center in the middle and two negative centers of smaller magnitude on the northern and southern sides of the positive center. At the beginning of the oscillation the positive thermocline depth anomaly is along the equator (Fig.  5a ). Associated with it the SST anomaly is positive. The wind stress pattern is cyclonic. The thermocline anomaly in the forcing region shows a triple-center structure, with a negative anomaly along 10Њ-20ЊN and two positive centers on the northern and southern sides of it. The heat content in the broad equatorial region 10ЊS-10ЊN is transported out of the region because of the positive (negative) wind stress curl center along 10Њ-20ЊN (10Њ-20ЊS), though equatorward of 10Њ-20ЊN (10Њ-20ЊS) there is a negative (positive) wind stress curl. As time passes, the discharge effect shows up in the equatorial region (Figs. 5c,d ) and the phase change of the oscillation is achieved. One subtle difference between Fig. 3 and Fig. 5 is that for the ENSO mode when the zonally averaged equatorial thermocline anomaly changes from positive to negative (Figs. 3b,c) , the offequatorial regions along 10ЊN and 10ЊS have negative thermocline centers in the western basin. For the decadal mode there is no negative thermocline center in the offequatorial region before the phase transition (Figs. 5c,d) . The negative thermocline depth anomaly in the equatorial region is caused by the discharge process. Essentially the same recharge-discharge process provides the oscillation mechanism for both the decadal and ENSO mode in the model. The major difference is that the region of the zonally uniform thermocline depth anomaly in the equatorial region is significantly wider in the meridional direction for the decadal mode.
c. Combined case
If both 1 and 2 are not zero, the situation is slightly complicated. Two modes could occur in the system. To vividly describe the existence of these two modes, instead of solving the dispersion relation (23) directly, the distribution of the logarithm of the modulus of the lefthand side of (23) is shown in a domain that is relevant to the present investigation (Fig. 6 ). When both 1 and 2 are 0.2, all the eigenmodes are damped and located along the line Re(z) ϭ Ϫ0.025 month Ϫ1 , which is consistent with the special cases considered above. If both 1 and 2 are 0.4, two modes have been generated by the coupling process. The ENSO mode has a frequency of 0.25 month Ϫ1 (period 2.1 yr), and the decadal mode has a frequency of 0.05 month Ϫ1 (period 10.5 yr). If the coupling coefficients 1 and 2 are increased further, there are still two modes in the system. But the frequency for the ENSO mode is reduced (0.2 month Ϫ1 when 1 ϭ 2 ϭ 0.6, and less than 0.1 month Ϫ1 when 1 ϭ 2 ϭ 0.8) and its growth rate is increased greatly. At the same time the frequency and the growth rate of the decadal mode are slightly increased. Figure 7 shows the growth rate and frequency of the decadal mode in the parameter space of 1 and 2 . The decadal mode becomes unstable when 1 is large (Fig. 7) . At the same time its frequency also increases, especially when 2 is larger than 0.3. With the presence of the equatorial wind stress anomaly, there is a thermocline depth anomaly gradient along the equator. The thermocline depth anom- aly at the eastern equatorial region is amplified. The decadal mode tends to be more unstable with a reduced period. On the other hand, the presence of the subtropical wind stress seems to have no significant influence on the ENSO mode, and the ENSO mode is almost independent of the coupling coefficient 2 (Fig.  8) . Both the growth rate and frequency of the ENSO mode show no significant changes when 2 is between 0.1 and 0.8.
Sensitivity test a. Other parameters
Besides the two major coupling coefficients 1 and 2 in the system, there are three other parameters: ⑀, ⑀ T , and T . The sensitivity of the decadal and ENSO modes to these three parameters is tested in a series of calculations (Tables 1 and 2 ). In the first group of experiments 1 ϭ 0.3 and 2 ϭ 0, the growth rate and frequency are calculated when only one of these three parameters is changed in the range shown in Table 1 while the other two are fixed at their standard values.
The orders of the range of growth rate and frequency change in Table 1 are consistent with those of the parameter change. For example, the first row of Table 1 shows that when ⑀ T is increased from 0.5 to 1.5 (while ⑀ ϭ 0.1, T ϭ 1.0), the growth rate decreases from Ϫ0.017 to Ϫ0.02 month Ϫ1 and its frequency is not changed. As it is indicated in Tables 1 and 2 , the coupled modes are robust to the changes of these three parameters. With a range of 50% change of these three parameters, the changes of the growth rate and frequency are relatively small. 
b. Truncation in the meridional direction
Compared with earlier work on ENSO using a stripped-down oceanic dynamics model (e.g., Jin 1997b), which only keeps a few Rossby waves, the present research keeps a large number of symmetric Rossby waves. To address the sensitivity of the model results to the truncation N, we reduce N to 20 and to 8 in the dispersion relation (23) and repeat our calculation. Figures 9 and 10 show the growth rate and frequency for the decadal and ENSO modes, respectively, when N ϭ 8. Since the Hermite function converges slowly, the wind stress forcing in the subtropical region cannot be represented very well when only a few Rossby waves are kept in the system. As expected the growth rate and frequency for the decadal mode are slightly modified. But there are still two leading coupled modes in the system. The growth rate of the decadal mode is generally reduced slightly when N ϭ 8 (Fig. 9 top) . This could be explained by the leaky nature of the VLF modes. When N becomes smaller, j becomes larger; hence, the larger damping rate for the VLF modes (cf. Neelin and Jin 1993) . The influence of truncation on the ENSO mode is negligible since the equatorial wind stress forcing can be represented by only a few Rossby waves and Kelvin wave. Figures 10 and 8 show similar features. It is also interesting to note that when N ϭ 8, the growth rate of the ENSO mode is also reduced when 1 is less than 0.4. The general features of the coupled system could be reproduced by keeping only a few Rossby waves. To represent the wind stress forcing in the tropical and subtropical region, a large truncation is certainly needed. No figures for truncation N ϭ 20 are shown since the features are essentially the same as for the case N ϭ 8. 
c. Position of the subtropical wind stress
The influence of the position of the subtropical wind stress on the decadal mode is explored in the following two sets of experiments. In both sets of experiments the coupling coefficient is fixed at 2 ϭ 0.8 and 1 ϭ 0. The location of the wind stress is changed systematically (Fig. 11) . In the first set of experiments the central longitude 0 of wind stress is fixed at 150ЊW, and its central latitude 0 is changed from 12Њ to 27ЊN. The growth rate gradually decreases from positive 0.02 month Ϫ1 to slightly negative; that is, the mode changes from unstable to stable. At the same time, the period of the mode gradually increases from around 5 to around 17 yr. In the second set of experiments, the central latitude 0 of the wind stress is fixed at 18ЊN, and its central longitude 0 changes from 150ЊE to 150ЊW. Associated with the change, the growth rate and the period increase steadily. With other conditions being equal, the wind stress in the eastern subtropical basin is more effective in generating the decadal timescale variability. The result is qualitatively consistent with the idealized experiments used to analyze the equatorial thermocline response to the off-equatorial wind stress forcing as shown in Part I.
Time integration
The possibility of a coupled decadal mode generated by tropical ocean-atmosphere interaction is further tested using a reduced-gravity shallow-water model in an idealized rectangular basin coupled with wind stress patches of fixed spatial patterns. The reduced-gravity shallow-water model is the same as in Part I. The coupling is achieved in a similar way as in (4) by adding an SST equation for the eastern equatorial region:
T EAST dt in which h EAST is the averaged thermocline depth anomaly in the region 2ЊS-2ЊN, 160Њ-120ЊW. Besides the zonal wind stress described by (35), a meridional wind stress pattern is added in the eastern subtropical basin to mimic the cyclonic wind stress pattern on the decadal timescale. The meridional wind stress is defined by the formula
in which ⌬ ϭ 20Њ, ⌬ ϭ 5Њ as described in (35). Figure 12 shows the equatorial and subtropical wind stress pattern and its curl used in the numerical integration. For the equatorial region it is a westerly wind stress anomaly associated with a positive SST anomaly in the eastern equatorial region. The cyclonic wind stress in the subtropical region is associated with positive SST. The wind stress curl for a subtropical wind stress shows a triple-center structure (Fig. 12b) . The coupling coefficients in the reduced-gravity shallow-water model are such that a 1ЊC SST anomaly is associated with a 0.2 dyn cm Ϫ2 wind stress anomaly in both the equatorial region and the subtropical region. In terms of the notation of the analytical model, the coupling coefficients 1 and 2 are roughly 0.4. In the following, we still start from the simplified cases, equatorial coupling (keep only the equatorial wind stress) and broad tropical coupling (keep only the subtropical wind stress). The combined case, in which both the equatorial wind stress and the subtropical wind stress are kept, is dealt with later.
a. Equatorial coupling case
With the selection of the above parameters, the ENSO mode is approximately neutral and the decadal mode is damped as shown in Fig. 13 , where the time evolution of the zonally averaged equatorial thermocline depth anomaly is seen (2ЊS-2ЊN, 120ЊE-120ЊW ). The period for the ENSO mode is around 38 months, and the period of the decadal mode is 160 months. The spatial structures of ENSO and the decadal modes are shown in Figs. 14 and 15, respectively. The interval between Figs. 14a-d and Figs. 15a-d is roughly 1/8 of the period of the relevant modes. For the ENSO mode, when the thermocline depth anomaly in the eastern equatorial region is positive, the wind stress in the central equatorial region is westerly. Associated with the westerly wind stress anomaly, there is a thermocline depth anomaly gradient along the equator. West of the wind stress anomaly the thermocline depth anomaly is negative. East of the wind stress anomaly the thermocline depth anomaly is positive. Outside the equatorial region along 10ЊN and 10ЊS, the wind stress curl generates Rossby waves with a negative thermocline depth anomaly. This negative thermocline depth anomaly propagates westward with time. As demonstrated in Part I the westerly wind stress anomaly can cause a net transport away from the equatorial region. For this reason the equatorial thermocline depth anomaly gradually evolves into a negative state (Figs. 14b-d) . When the thermocline depth anomaly in the eastern equatorial region is negative, the wind stress anomaly in the central equatorial region is easterly. The wind stress curl outside of the equator will generate Rossby waves with a positive thermocline depth anomaly along 10ЊN and 10ЊS. A similar process with opposite sign of the thermocline depth anomaly can cause the system to evolve to the next cycle. The intervening positive and negative thermocline depth anomaly in the eastern basin outside 10Њ is the result of Kelvin waves and their reflection to Rossby waves. The features of the spatial pattern of the thermocline depth anomaly, especially during the phase transition period, bear strong similarity to those of the VLF modes (Jin 2001) . The similarity between the numerical integration and the analytical result is obvious. The subtle difference along the western boundary does not significantly affect the results and might be caused by the long-wave approximation used in the analytic model.
b. Broad tropical coupling case
For the decadal mode (Fig. 15) , the thermocline depth anomaly in the equatorial region is nearly uniform in the zonal direction since there is no wind stress forcing at the equator. When the thermocline depth in the eastern equatorial region is positive, there is a cyclonic wind stress forcing in the eastern subtropical region. Because of the cyclonic wind stress forcing (whose curl has a triple-center structure), three thermocline depth anomaly centers are generated. The negative one in the middle is dominant and the two positive ones north and south of the negative one have smaller magnitudes (Figs. 15a-c) . As time passes, these three thermocline depth anomalies propagate westward. The collective effects of the wave propagation cause the equatorial thermocline to evolve to a negative state since the wind stress curl in the middle is dominant. The positive wind stress curl outside the equatorial region could cause a negative thermocline depth anomaly in the equatorial region as demonstrated in Part I. Therefore, an oscillatory solution is obtained in the system. It is interesting to note that during the phase transition the thermocline depth anomaly just outside the equatorial region along 10ЊN and 10ЊS is positive, in contrast to the case of the ENSO mode.
c. Combined case
The superposition of the equatorial and subtropical wind stresses (Fig. 16 ) certainly bears some similarity to the observations (Fig. 1b) . If both the equatorial and subtropical wind stresses are coupled to the reducedgravity shallow-water model, the solution of the system changes dramatically (Fig. 17) . Obviously there are two timescales in the system. One is around 3 yr (ENSO mode), and the other is around 10 yr (decadal mode). The ENSO mode is approximately neutral or decays slightly. The decadal mode, however, decays more slowly than it does when only the subtropical wind stress is coupled with SST. The phase of the eastern equatorial thermocline anomaly is roughly the same as that of the eastern equatorial SST anomaly. The phase of the zonally averaged equatorial thermocline leads the phase of the SST by several months. In the present model, the magnitude for the thermocline depth anomaly is around 1 m, and the magnitude for SST is around 0.1ЊC. The spatial structure shows the linear combination of the two modes (Fig. 18) . The thermocline depth anomaly gradient along the equator is associated with the equatorial wind stress forcing. The triple-center thermocline depth anomaly in the subtropical region is associated with the wind stress forcing in the region. During the phase transition, the equatorial thermocline depth anomaly is relatively uniform. Further experiments show that by removing the meridional component of the subtropical wind stress the solution only changes slightly (results not shown). If the subtropical wind stress is placed progressively northward, the period of the decadal mode does increase and its amplitude decays (figure ignored). So the numerical integration confirms the results of the analytical model and is consistent with the forced experiments in Part I. 
Summary
A coupled analytical model is developed to analyze the features of ENSO and decadal modes. The frequency and growth rate of eigenmodes of the coupled analytical model are mainly decided by the wind stress patterns. If a positive temperature anomaly in the eastern equatorial region is associated with a westerly wind stress anomaly in the central equatorial region, an ENSO-like oscillation with a timescale of around 3-5 yr can be generated by the coupling. On the other hand, if a positive temperature anomaly in the eastern equatorial region is associated with an additional cyclonic wind stress anomaly in the eastern subtropical region, an additional damped oscillation with a period of around 10-15 yr can be generated. The timescale of the oscillation is longer when the cyclonic wind stress is placed farther away from the equator or to the east of the basin. The above features are not sensitive to other model parameters or to the truncation in the meridional direction. The numerical integration using the reduced-gravity shallow-water model confirms the analytical solution.
Our results suggest that at least some part of PDO may originate from the broad-scale tropical ocean-atmosphere interaction. This simple and new hypothesis differs from earlier PDO hypotheses emphasizing the midlatitude ocean-atmosphere interaction (such as Latif and Barnett 1994, 1996; Jin 1997c) or the midlatitudetropical interaction through oceanic linkage (Gu and Philander 1997) . One major difficulty in understanding the midlatitude ocean-atmosphere interaction lies in the uncertainty in the atmospheric response to midlatitude oceanic forcing. In the mean time, it is also unclear if the subducted signals of the midlatitude can reach the equatorial region and retain sufficient strength to generate a significant oceanic response in the surface temperature. We have shown in this paper that it is possible to understand ENSO and tropical PDO by using one theoretical framework of the tropical ocean-atmosphere interaction. Both ENSO and PDO share the same recharge-discharge mechanism. This possibility, however, needs to be substantiated by further observational data studies and numerical simulations with comprehensive models.
One of the major difficulties in the current research of PDO is the lack of observational data. The spatial pattern of PDO has variability centers in both the midlatitude region and tropical region. Whether these two centers are related and how they are related are unresolved issues in PDO research. The present research only emphasizes the tropical part of the PDO signal identified from the limited observations. Simple tools are used to demonstrate the essential physics that might W A N G E T A L . be involved. The wind stress pattern yielding substantial growth of the decadal coupled mode differs somewhat from those observed to be part of ''canonical PDO.'' The results presented here are hard to compare directly with the limited observations of PDO. These limitations can only be addressed by future further research.
